Cereulide is the cyclic dodecadepsipeptide responsible for the emetic-type food-borne disease caused by Bacillus cereus. It is synthesized enzymatically by non-ribosomal peptide synthetases. In this study, we established an RNA-specific amplification assay for the detection of mRNA transcribed from the cesA gene, one of the 7 genes constituting the cereulide synthetase (ces) gene cluster of emetic-type Bacillus cereus.
Introduction
Bacillus cereus can cause two types of food-borne gastroenteritis in humans, diarrhea and emesis. The diarrhea syndrome is linked to heat-labile enterotoxins [1] [2] [3] , while the emetic syndrome is linked to a small, heat and acid stable cyclic dodecadepsipeptide, cereulide [4] [5] [6] [7] . Cereulide is thought to act as a potassium ionophore that is toxic to mitocondria [5, 8, 9] . It is synthesized by plasmid-encoded non-ribosomal peptide synthetases (NRPSs). Unlike the case for diarrheal enterotoxins, an immunological assay based on monoclonal cereulide antibodies is not yet available.
In 2005, the genes responsible for the production of cereulide (ces gene cluster)
were identified in Bacillus cereus [10] . Sequence analysis showed the ces gene cluster (24 kb) to contain 7 genes: cesH, cesP, cesT, cesA, cesB, cesC, and cesD [11] .
Acyltransferase, phosphopantheteinyltransferase, and thioesterase are coded by cesH, cesP, and cesT, respectively, while cesA and cesB encode cereulide synthetase and cesC and cesD encode the ABC transporter. PCR assays targeting a DNA sequence of the ces gene cluster have been developed [12] [13] [14] .
RNA-specific amplification is an isothermal reaction (41-43 ºC) that specifically amplifies a target RNA sequence with reverse transcriptase and RNA polymerase [15] [16] [17] [18] . Reverse transcriptase synthesizes promoter-bearing double-stranded DNA with the help of its RNase H activity. RNA polymerase continues in vitro transcription to produce copies of RNA fragments that are subsequently recycled as RNA templates for synthesis of promoter-bearing double-stranded DNA. Since RNA-specific amplification does not amplify any target sequence in double-strand DNA, it enables detection of the expression of a specific gene even in the presence of genomic DNA. RNA-specific 4 amplification can be used to identify pathogens that express virulence genes [17, 18] and for drug susceptibility testing of pathogens [19] . In the present study, we established an RNA-specific amplification assay to detect cesA mRNA. We evaluated its sensitivity and specificity using standard RNA as well as the total RNAs extracted from Bacillus cereus and other strains. This RNA-specific amplification assay was suitable for the detection of mRNA transcribed from the cesA gene in emetic-type Bacillus cereus.
Materials and methods

Cloning of the cesA gene fragment
Genomic DNA of Bacillus cereus strain NC7401 was used as a PCR template. The 1014-bp DNA fragment of the cesA gene, corresponding to DNA sequence 8353-9366 deposited in GenBank (DQ360825), was amplified using primers F1 and B1. The DNA product was digested with XbaI and EcoRI and inserted in pET-22b(+) (Merck Bioscience, Tokyo, Japan), then digested with XbaI and EcoRI to produce pET-cesA, which was sequenced (Shimadzu DSO-2000; Kyoto, Japan).
Preparation of standard RNA
pET-cesA digested with EcoRI yielded a linear DNA containing the T7 promoter.
In vitro transcription was carried out with 0.025 mg/ml template DNA using a commercial kit (CUGA7 in vitro Transcription Kit, Nippon gene, Tokyo, Japan 
RNA-specific amplification assay
Reaction buffer [4 µl of 175 mM Tris-HCl (pH 8. RNA polymerase (Toyobo, Osaka, Japan)] and continued at 41 ºC for 60 min. The amplified products were separated on 2.0% agarose gels and stained with ethidium bromide (1 µg/ml).
RT-PCR assay
Water ( 
PCR assay
PCR was performed using the Takara Bacillus cereus (CRS gene) PCR Detection
Kit (Takara-bio, Shiga, Japan) following the manufacturer's instructions. Briefly, a 50
µl PCR reaction mixture containing 1 µl DNA extract was subjected to 40 cycles at 94 ºC for 30 s, 55 ºC for 30 s, and 72 ºC for 30 s. The amplified products were separated on 3.0% agarose gels and stained with ethidium bromide (1 µg/ml).
Results
RNA-specific amplification assay for cesA mRNA
The structural genes of cereulide synthetase are coded by cesA (10,176 bp) and cesB (8,046 bp). Since both genes are too long to be cloned, we cloned the 1014-bp DNA fragment of cesA gene corresponding to sequence 8353-9366 deposited in GenBank (DQ360825), which is highly specific for emetic-type Bacillus cereus [11] . Figure 1 shows the nucleotide sequence of this fragment. The standard RNA (1014 base) was prepared by in vitro transcription using the cloned DNA.
The RNA-specific amplification assay depends on the melting temperature (T m ) of primers and the size of the sequence to be amplified. However, no method for rational design of primers has yet been developed, necessitating trial and error in primer design.
We designed one promoter antisense primer (P-R10) and 6 forward primers (F5-F10) (Table 1 and Fig. 1 ). The expected sizes of the amplified RNA with P-R10 and each of 8 F5, F6, F7, F8, F9, and F10 were 601, 501, 401, 301, 201, and 101 bases, respectively.
Amplification from 10 6 copies of the standard RNA with the combination of P-R10 and each of F6-F10 yielded only the band with the expected size ( Fig. 2A) . In contrast, amplification with the combination P-R10 and F5, produced both the expected band and others of different sizes, indicating that F5 caused non-specific amplification.
When the initial copy number was set at 10 6 copies, the minimum reaction times required to detect amplified products on agarose gels were 20 min for F8 and F9, 30 min for F5, F6, and F7, and 45 min for F10 (Fig. 2B) . At a fixed 60 min reaction time, the minimum initial copy numbers required to detect the bands were 10 3 copies for F7
and F9, 10 4 copies for F5, F6, and F8, and 10 6 copies for F10 (Fig. 2C ). The combination of P-R10 and F9 gave the best performance and this was used for subsequent analysis.
Examination of the various bacterial strains by RNA-specific amplification
The RNA-specific amplification assay for cesA mRNA was evaluated using total RNAs extracted from 7 strains of emetic-type Bacillus cereus, 6 strains of non-emetic-type Bacillus cereus, 6 strains other Bacillus strains, and 10 non-Bacillus strains. Specificity of the RT-PCR assay for cesA mRNA was tested using these RNA extracts and the PCR assay for ces gene using the DNA extracts, for comparison. The
RT-PCR assay established in this study was a reverse transcription reaction with the random 9-mer DNA and PCR with the primers F5 and B10. The expected size of the amplified product was 601 bp. The PCR assay was conducted using the commercial kit, Takara Bacillus cereus (CRS gene) PCR Detection Kit (Takara-bio). Table 2 shows that 9 the RNA-specific amplification assay specifically detected cesA mRNA: each cereulide-producing Bacillus cereus strain gave a positive result, while all other strains gave negative results. Table 2 also shows that RNA-specific amplification assay results agreed with the RT-PCR assay and the PCR assay, indicating that these three methods can be used for detection of emetic-type Bacillus cereus.
To test the RNA-specific amplification of genomic sequence DNA, RNA-specific amplification, RT-PCR, and PCR using the DNA and RNA extracts were performed on the cereulide-producing and non-producing Bacillus cereus strains ( 
Discussion
In this study, we established an RNA-specific amplification assay for cesA mRNA. Bacillus strains [11] . Only the emetic-type Bacillus cereus possesses the ces gene, and the sequences of the other regions of this megaplasmid are identical between emetic-type and non-emetic type Bacillus cereus [11] . The results in the present study agreed with these characeristics, indicating that our RNA-specific amplification assay can be used for the detection of cesA mRNA and emetic-type Bacillus cereus.
Unlike PCR, RNA-specific amplification is an isothermal reaction, which enables high-throughput analysis. This amplification procedure has been widely used in blood screening for HIV and HCV due to the high processing performance of the equipment used. One limitation is that a procedure for designing the primers has not yet been well developed. There were also differences in rapidity and sensitivity of assays that used different primers (Fig. 2 ), but this difference is difficult to explain. The reaction temperature for RNA-specific amplification is quite low (41-43 ºC) compared with that of PCR (> 50 ºC). Reverse transcriptases (RTs) from Moloney murine leukemia virus (MMLV) and avian myeloblastosis virus (AMV) are the most extensively used in cDNA synthesis and RNA amplification reactions, but their thermal stabilities are relatively low [20] [21] [22] . The low reaction temperature makes the design of primers difficult and this has been circumvented by addition of 13% dimethylsulfoxide to reduce the T m of primers [15] [16] [17] [18] 23] . However, the amplified RNA bands are blurred, and the criterion between the signal bands and background is not clear (Fig. 2) .
Therefore, quantification of initial target RNA cannot be achieved based on gel electrophoresis, which is a drawback of RNA amplification method. Recently, a highly thermostable MMLV RT with activity even at 60 ºC was developed [24] . However, this MMLV RT lacks RNase H activity and thus cannot be used for RNA-specific amplification. It would be highly desirable to develop a more thermally stable RT that would retain RNase H activity for use in high temperature RNA-specific amplification.
RT-PCR is clearly a powerful tool for detection of target mRNA. However,
RT-PCR also generates amplified products from contaminating DNA derived from the RNA preparation. In eukaryotic mRNA studies, this drawback is overcome by using primers that span intron-exon boundaries; however, this is not applicable to bacterial mRNA. Unlike RT-PCR, RNA-specific amplification reveals expression of a specific gene even in the presence of genomic DNA. In the present study, RT-PCR for the detection of cesA mRNA generated the amplified product from DNA from the cereulide-producing Bacillus cereus strain, while RNA-specific amplification did not (Fig. 3) . Therefore, RNA-specific amplification may be more suitable than RT-PCR for the determination of bacterial mRNA.
The presence of emetic-type Bacillus cereus in foods is an important health concern. When emetic-type Bacillus cereus was inoculated into various food samples, significant amounts of cereulide was detected after several hours incubation by cell-based in vitro assay [25, 26] . Similarly, after liquid culture enrichment of inoculated food, the ces gene could be quantified in DNA extracts [14] . A PCR assay for detection and quantification of diarrhea-type Bacillus cereus in food samples, without an enrichment step, has also been reported that targeted phosphatidylcholine-specific phospholipase C gene [27] . When emetic-type Bacillus cereus is inoculated into food samples and incubated, we hypothesize that the amounts of cereulide and cesA mRNA in the homogenate will be well correlated. We will next apply the RNA-specific amplification assay established in this study to the detection of cesA mRNA in food samples to test this hypothesis. applied to 2% agarose gel followed by staining with ethidium bromide (1 µg/ml). Fig. 3 . Agarose gel electrophoresis of the amplified products in the RNA-specific amplification assay, the RT-PCR assay, and the PCR assay using the total DNA and RNA extracts. The RNA-specific amplification assay (lanes 1-4) , the RT-PCR assay (lanes [5] [6] [7] [8] , and the PCR assay (lanes 9-12) were carried out with the total DNA (lanes 1, 5, and 9) and RNA (lanes 2, 6, and 10) extracted from the cereulide-producing Bacillus The base position corresponds to that described in the sequences deposited in GenBank (DQ360825).
Figure legends
b The underlined sequences are XbaI or EcoRI recognition sequences used for cloning into pET22b(+). The italicized sequence is the T7 polymerase-binding sequence.
